The brain is an inherently dynamic system, and much work has focused on the ability to modify neural activity through both local perturbations and changes in the function of global network ensembles. Network controllability is a recent concept in network science that purports to predict the influence of individual cortical sites on global network states and state changes, thereby creating a unifying account of local influences on global brain dynamics. Here, we present an integrated set of multimodal brain-behavior relationships, acquired from functional magnetic resonance imaging during a transcranial magnetic stimulation intervention, that demonstrate how network controllability influences network function, as well as behavior. This work helps to outline a clear technique for integrating structural network topology and functional activity to predict the influence of a potential stimulation target on subsequent behaviors and prescribes next steps towards predicting neuromodulatory and behavioral responses after brain stimulation.
Highlights: -This study tested the strength of inferences given by network controllability using fMRI and rTMS -Controllability correlates with the modulation of a functional network associated with increasing working memory demand -Controllability is also correlated with the memory improvement from applied rTMS -These findings link network control theory with physiology and behavior.
In brief: Beynel et al. show that the benefits of functionally targeted brain stimulation on working memory performance can be predicted by network control properties at the stimulated site. Structural controllability and functional activity independently predict this cognitive benefit. Introduction A dominant narrative in contemporary neuroscience is that the brain is a vastly dynamic system of interacting networks called into action to achieve, maintain or change different mental states and accomplish cognition. Whereas previous views of neuroscience were largely reductionist or envisioned static topologies of connected communities, neuroscientists now consider cognition to result from controlled transitions between dynamically changing networks of neuronal ensembles. A key notion present in this network neuroscience view is that global brain states can be controllable from a minority of nodes, or even a single node (Betzel et al., 2016) , thereby imparting certain privileged roles for different brain areas at certain times. Within this context, brain states can be altered through endogenous perturbations in these nodes that might result from changes in neuronal activity attributed to top-down attention, memory recollection or other cognitive processes (Kenett et al., 2018) . Conversely, brain states can also be changed exogenously through the use of noninvasive neuromodulation approaches such as repetitive transcranial magnetic stimulation (rTMS). This latter approach is especially attractive because it raises the possibility to causally influence the brain in a controlled manner to test specific hypotheses about network dynamics.
While applications of control theory in the brain have gained substantial interest in the past few years, the validity of this framework has generated a rigorous theoretical debate Tu et al., 2018) , and questions remain about both the foundational tenets of the approach (e.g., Are brain regions controllable?) and the specific manner in which control is executed in the brain. Unfortunately, empirical evidence supporting the role of controllability in real-world applications is extremely limited. Recent theoretical and empirical work addressing neuronal control theory has focused on how the brain transitions from one state of activation to another (Betzel et al., 2016) , and what anatomical substrates facilitate these transitions (Stiso et al., 2019) . Within such a framework, controllability is the mathematical formulation of how a system can move through state-space along a desired trajectory (Gu et al., 2015) . At its heart, network controllability theory assumes that the state of a system at a given time is a function of the previous state, the structural network linking the nodes, and the additional energy perturbing it (Ruths and Ruths, 2014) . As with other metabolic systems that require nutrition to fuel, there is a particular interest in modal controllers, which could drive the brain into difficult-to-reach states with minimal energy costs Pasqualetti et al., 2014) . In light of these constructs, any satisfying account of modal controllability (MC) would necessarily include not only information about the behavior generated by system, but also (i) whole-brain functional activity that indexes its global state, and (ii) controlled exogenous input to test how added energy influences its local and global states. The current analysis seeks to provide such information in the form of multiple neural and behavioral measurements associated with a well-known cognitive state, to test how they are affected following neurostimulation.
First, in order to understand how specific nodes can control brain state transitions, we utilize one of the most reliable brain patterns in cognitive neuroscience: the increase in frontoparietal network activity associated with greater working memory (WM) difficulty, as measured by functional MRI (Blumenfeld and Ranganath, 2007; Donner et al., 2002; Yeo et al., 2014) . Within this network, prefrontal regions are generally associated with manipulation of information and response selection (D'Esposito et al., 1999; Postle, 2006) , two cognitive processes associated with increasing difficulty. As noted above, MC has been inferred to quantify the capacity of a single node to drive the system to difficult-to-reach states. While this inference is driven largely by the frontoparietal distribution of MC (Gu et al., 2015) , there is currently little concrete data supporting this interpretation (Tu et al., 2018) . Nonetheless, several studies have examined the potential for MC to predict functional patterns through in silico experiments (Betzel et al., 2016; Muldoon et al., 2016) but the identification of a reliable, significant association between MC and functional activity is still lacking (Cornblath et al., 2019) , and a systematic investigation into the interdependencies between structural network controllability, functional activity, and cognition remains critical to address the value of this novel network control measure.
Second, in order to address the value of MC in predicting dynamic state transitions, we used rTMS to test how the addition of exogenous stimulation affects brain states and behavior.
While endogenous stimulation may be represented by a number of carefully controlled cognitive conditions (Cornblath et al., 2019; Medaglia et al., 2018) , isolating the influence of one brain region in such approaches is difficult, if not impossible. rTMS therefore provides an ideal means to test the assumption that a localized change in energy to a modal controller could affect a global change in brain states and concomitant behavior. The effects of neuromodulation are typically observed not only in the stimulated site, but also in distal connected regions (Bestmann et al., 2004; Davis et al., 2017; Ruff et al., 2008; Wang et al., 2014; Wang et al., 2018) , and thus the controllability framework offers an opportunity to test the hypothesis that network-level activation due to exogenous neuromodulation can be estimated by the network properties of the stimulated site (Muldoon et al., 2016; Spiegler et al., 2016) .
In the current analyses, we build on findings previously reported in Beynel et al (2019) and , to test the validity of network controllability by (i) testing whether MC tracked the empirically observed brain state transition as depicted by fMRI and (ii) if the MC of a site stimulated with rTMS predicted differences in behavioral changes during a concurrent WM task.
To relate the theoretical to the actual state-transition in the brain, we used BOLD-related activity associated with increasing WM difficulty. A higher parametric increase in BOLD-related activity suggests that additional neural resources can be relatively easy to recruit in more difficult task conditions, and thus indicates a relatively easy-to-reach brain state. Within this context, if MC represents the potential for a brain region to move from an easy to a difficult-to reach state, then we expect (i) a negative linear relationship between MC and BOLD activity associated with increasing difficulty. Next, if harder-to-reach states can be more easily achieved by adding exogenous stimulation with rTMS to a region with higher MC, then we expect (ii) positive linear relationship between MC and rTMS effect: the subjects with higher modal controllability values in the stimulated site will be the ones benefiting the most from rTMS. If these hypotheses are confirmed, such findings will help validate the value of network controllability in predicting global brain states, and furthermore help predict global rTMS effects that are foundational to a number of FDA-approved treatments.
Results
In this 6-visit study, participants were screened, consented, and practiced a WM manipulation task (see Supplemental Methods) on Visit 1. Visit 2 comprised an imaging session, during which anatomical and diffusion-weighted imaging (DWI) scans were obtained as well as functional MRI acquired while subjects performed the WM task with four difficulty levels (Very Easy, Easy, Medium, Hard) that were individualized based on performance from the first visit; these data were used to isolate a specific cortical target based on the BOLD response to the WM task (see overlap of stimulation sites in Figure 1A) . On Visits 3-6 online, active or sham 5 Hz rTMS was applied while subjects performed the WM task at three difficulty levels (Easy, Medium, Hard).
A repeated measures ANOVA conducted on WM accuracy to evaluate effects of Difficulty (Easy, Medium, Hard) and Stimulation Type (Active, Sham) revealed a significant interaction between these two factors (F(2,44) = 3.04, p = 0.05). Decomposition of this interaction demonstrated that subjects were significantly more accurate with active, compare to sham rTMS, but only in the most difficult condition of the task (Figure 1B) . Subsequent analyses used a withinsubject metric to describe the percent increase in WM accuracy for active relative to sham rTMS, hereafter referred to as the "rTMS effect" (Eqn. 1). More details on initial findings from this dataset can be found in Beynel et al. (2019) and Davis et al. (2018) . DWI-based streamline counts were used to construct structural networks for each participant, and MC values were computed across 471 cortical sites. Figure 2A illustrates the rank of group mean MC values for all regions across the brain; the fronto-parietal distribution of higher MC values is consistent with earlier investigations based on other cortical parcellations (Gu et al., 2015) (Khambhati et al., 2018; Medaglia et al., 2018) , supporting the robustness of global cortical patterns of MC. Consistent with Gu et al., the regions with higher MC were characterized by a lower structural connectivity strength with the rest of the brain (r470 = -0.88; To test this hypothesis, we investigated these correlations at the targeted stimulation location and found that MC and fMRI-based Functional Modulation at the stimulated site were negatively correlated ( Fig. 3A ; r22 = -0.53, p = 0.009), suggesting the co-occurrence of high MC and hard-to-reach brain state (i.e., weak Functional Modulation). Moreover, the average fMRI activation across these levels of difficulty was unrelated to MC (r22 = 0.04, p = 0.85), confirming that this result is indeed specific to task difficulty. Second, MC was significantly positively related (r22 = 0.46, p = 0.027) to the benefit from rTMS in difficult WM condition (Fig. 3B) . This relationship was not present at Easy (r22 = 0.14, p = 0.51) or Medium (r22 = -0.054, p = 0.81) difficulty levels, confirming a selective rTMS effect at a difficult-to-reach cognitive state. Finally, the modulation of fMRI activation associated with difficulty at the stimulated ROI was also significantly related to the rTMS effect ( Fig. 3C ; r22 = -0.49, p = 0.017). This result therefore supported the theory that that the effects of rTMS depend on brain state at the time of stimulation (Silvanto and Pascual-Leone, 2008) , and suggested an interpretation that the benefit of rTMS is stronger when the stimulated region faces difficulty in effectively modulating its own state. (See Fig. 1) .
Finally, a mediation analysis was performed to test the hypothesis that the MC-rTMS relationship was mediated by the Functional Modulation associated with more difficult trials (Fig.   4 ). This analysis yielded a significant total effect (TMS ~ MC: zc = 2.43, p = 0.03), as well as significant relationships between the predictor and mediator (TMS ~ Functional Modulation: za = -3.36, p = 0.0008) and the mediator and outcome variable (Functional Modulation ~ MC: zb = -2.69, p < 0.007). Crucially, a significant mediation by Functional Modulation (zab = 2.12, p = 0.04) explained a major proportion of the total effect (64%), resulting in a non-significant direct contribution of the rTMS effect to MC (zc' = 0.68, p = 0.53). To ensure the reliability and specificity of the mediation by Functional Modulation, we repeated the analysis on all possible alternative mediation models, where the directions of mediation and the mediator were changed. Here, no strong mediation effects were observed in these alternative models (see Supplementary   Information ), further confirming that the observations in Figure 2 are best explained as functional activity mediating the relationship between rTMS effect and structural controllability.
Figure 4. Mediation analysis investigating the capacity for fMRI activation to explain the relationship between Modal
Controllability and rTMS effect. Age, gender, and baseline task performance were controlled as confounding covariates (Cov) .
Discussion
The current study sought to inform the validity of network controllability in characterizing the ability of a single cortical node to guide the trajectory of global brain states. We used DWI and fMRI to investigate the functional and structural information associated with brain state transitions, and rTMS to test whether providing exogenous energy to a specific node could help the brain transition to difficult-to-reach states. The notion that brain activity could be controlled by energy input to a single cortical node is still highly debated Tu et al., 2018) , and only a handful in vivo studies have investigated its validity in human models Stiso et al., 2019) . Here we examined the interactions between controllability, brain states, neuromodulation and behavior and found significant relationships between these measures, which can be interpreted as the cost associated with transitions needed to reach a cognitive state, and are resolved in our single mediation model. These results help to show that brain network information, based on network control theory, is supported by both functional and neuromodulatory data, and helps support the use of a new family of targeting approaches based on the dynamic control of global brain states.
Among the notable findings from this study was the observation that MC was reliably associated with the functional modulation of BOLD activity associated with parametric increases in WM load (Fig. 3A) . Moreover, it was found that MC at the stimulated site was reliably predicted by the benefit from rTMS in the WM task. This rTMS benefit was only found in the most difficult condition (Fig. 1B) , and the association between MC and this performance benefit was selective to this difficult condition (Fig. 3B) . This result, therefore, supports existing computational models of network dynamics based on structural connectivity information, which purport to describe the energy associated with transitioning between brain states. Predicting the effect of brain stimulation by utilizing brain network topology is of theoretical and applied significance, and the current results provide a mechanistic application of these principles as set forth by (Pasqualetti et al., 2014) . According to these authors, the brain constitutes a controllable network that can be moved into different states with input perturbation, such as brain stimulation. A recent study provided behavioral evidence supporting the brain controllability theory in guiding brain stimulation , suggesting that a median split of MC values may identify subtle performance differences in a language production task. While this analysis suggested MC may influence task-based response to rTMS, the observed effects did not demonstrate evidence that higher MC allows the brain to more easily traverse difficult-to-reach states, as the controllability effect was found only in the easiest language task condition, where no significant superiority of active rTMS over sham was observed. Given the lack of rTMS effect in those data, it is difficult to draw conclusions from the functional relevance of MC in that study.
Finally, we found that the core relationship between rTMS effect and MC was significantly mediated by the functional modulation associated with increasing difficulty. The mediation observed above extends this inference to suggest MC reflects not only the structural value, but also the functional capacity for a given node to modify the derived eigenmatrix. This result helps to advance the notion that all three metrics examined here-behavioral benefit from rTMS, functional modulation, and MC-reflect distinct constructs of "difficulty". In the current approach, we posited that the networks identified by parametric changes in functional activation can be influenced by modulation of a single site. Following Gu et al. (2015) , we treated this influence as an eigenvalue problem, such that regions with high modal controllability have the greatest influence on the difference in eigenmodes for a given eigenmatrix. Thus, MC herein reflects the ability to drive the dynamics of a network towards hard-to-reach configurations.
The approach used here has clear implications for the individualization of TMS targeting, and advances a line of research and application that has proceeded from being scalp-based, to using brain morphology, and then brain function (Herwig et al., 2001) . Both clinical and basic science targeting approaches for TMS should consider the consequences for regional brain stimulation in manipulating the resultant functional activation or connectivity. When regional stimulation is applied to models that differ only in their structural connectivity, the resulting activity patterns differ between individuals (Jbabdi et al., 2015) , suggesting that functional responses (and their behavioral correlates) are sensitive to subject-specific differences in structure, and that computational models informed directly by both forms of brain information are necessary to provide realistic, individualized models of immediate TMS outcomes. Our findings relating the structural and functional components of a controllable system suggests that structural controllability may be used as an alternative when functional localizers for TMS are unfeasible.
In sum, by combining information from structural network topology, whole-brain functional activity associated with a WM task, and brain stimulation, we confirmed the validity of network controllability by showing a strong interdependence of these measures. This work helps to outline a clear technique for integrating structural network topology and functional activity to inform network-based approaches in selecting an individualized specific cortical target for neurostimulation that could help increasing rTMS efficacy.
Material and Methods
The following sections give a brief overview of the methods, additional information can be found in Beynel et al. (2019) , and in the Supplementary Materials.
Participants
Twenty-four young adults (mean 23.38 ± 5.13 years old, 14 females) completed this 6-day study, approved by the Duke Medical School IRB (#Pro00065334), which aimed at enhancing WM manipulation abilities with online rTMS. We used a modified Sternberg task in which arrays of letters were manipulated within WM (D'Esposito et al., 1999) , noted here as the delayedresponse alphabetization task (DRAT). For each trial, letters were presented, followed by a delay period during which participants mentally reorganized letters into alphabetical order. A letter with a number above it were then presented, and participants were asked whether the letter was (1) not in the original set, (2) in the original set and the number matched the serial position of the letter once the sequence was alphabetized, or if (3) in the original set but the number did not match the serial position of the letter once alphabetized. These conditions are referred to as New, Valid, and Invalid, respectively.
After an initial screening visit, participants were scanned in a functional localizer MRI session at a 3-T gradient-echo scanner (General Electric 3.0 Tesla Sigma Excite HD short bore scanner), equipped with an 8-channel head coil. During this session, a structural MRI and a diffusion weighted imaging (DWI) scan were acquired, as well as 4 blocks of functional acquisitions while participants performed the DRAT. fMRI activations were defined using an event-related design with the array, the delay, and the response periods. A parametric regressor was used for the delay period, reflecting increases in brain activation associated with increases in task difficulty, as defined by set size. The peak activation within the left medial frontal gyrus in each participant was chosen as the rTMS target and entered into the neuronavigation system (BrainSight, Rogue Research, Canada).
From visits 3 to 6, participants performed the DRAT using 3 titrated difficulty levels (Easy, Medium, and Hard) while active or sham 5Hz rTMS was delivered at 100% rMT to the identified target in left DLPFC. Sham stimulation was applied using the same coil in placebo mode, which produced clicking sounds and somatosensory sensation via electrical stimulation with scalp electrodes mimicking those occurring in the active mode, but without a significant E-field induced in the brain (Smith, & Peterchev, 2018) .
Controllability Measures
Brain stimulation can be viewed as a control problem in a network system. While control theory has been well-established in engineering, its application in network neuroscience is still in its infancy, and many questions as to the validity of the control approach remain. We therefore sought to help provide some foundational answers to questions relative to the novel application of control theory to an empirical TMS/fMRI dataset. We adopted the mathematical definition of the problem from Pasqualetti et al. (2014) where the brain system dynamics is modelled with a linear discretetime and time-invariant model:
Here, the 471-by-471 weighted adjacency matrix describes the structural connectivity between each pair of nodes. The 471-by-1 column vector ( ) describes the brain state. The 471-by-1 column vector ( ) indicates external input, where the only non-zero entry ( ) denotes TMS stimulation at brain region . In the current analysis we focus on modal controllability (Kalman, 1964) , interpreted here and elsewhere (Gu et al., 2015) as the ability of one region to steer the brain towards hard-to-reach states. The modal controllability of brain region is defined thus as = ∑ (1 − 2 ) 2
=1
, where denotes the j-th eigenvalue of the network adjacency matrix , and denotes the i-th entry in 's corresponding eigenvector . The eigenvectors represent the 'mode states' of the brain network system, whose linear combination can potentially describe any given activation pattern of the brain. The eigenvalues  can be interpreted as the persistence of the corresponding mode states, thus a small is indicative of a transient, hard-to-reach state. By extension of the Popov-Belovich-Hautus test (Lathi, 2005) , the controllability of the j-th mode in region is proportional to . Therefore, as a composite measurement, the modal controllability theoretically predicts whether stimulating a brain region can move the brain into hard-to-reach states in general. Though current methodology impedes a prediction about which specific hardto-reach state the brain has transitioned to (e.g., the cortical distribution of active nodes in such a state), here we rely on the brain state pattern associated with increasing difficulty WM trials (i.e., the BOLD increase associated with increasing WM load). Rank was used instead of the actual value to control for cross-subject noise. Despite the theoretical value of the modal controllability, we agree with Tu et al. (2018) that this is more an interpretation than an empirical finding. The current analysis seeks to ground this interpretation by applying the control theory metrics to real human brain data, and test whether the modal controllability does predict difficult-to-reach brain states using the hemodynamic response modulated by the difficulty of a WM task.
